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THE KINETICS OF FORMATION OF TWO-PHASE SYSTEMS NEAR THE
CRITICAL POINT |

[f?‘ollouing 1s the translation of an articls by Ya. B,

Zeltdovich and O, M. Todes entitled "Kinetika Obrazovaniya

Dvukhfasnykh Sistem Vblizi Kriticheskoy Tochki (English

version above) in Zhurnsl Eksperimentsl'noy i Teoret-

 icheskoy Fisiki . (Journal of Experimentel and

unstable state relative to small changes near the critical point, is

conaldered.

of heat exchange, and the distance of hegt tranafer and the valus of
the temperaturs graaient are estimated from the capillarity theary.

by expanding ths thermodynamic quantities in powers about the critical

point.

Theoretloal Phsraics) Vol. 10, No. 12, 3.940, pp M4L —=
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The process of stratification of a subsgtance which 18 in an

Limiting relations for the stratification times are obtalned

. iomarasar o b i s o

Of importance for the stratification time is the rate
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1. Reglon of Unstsble States

We consider the 1line ABCDE (Fig. 1), which seperates {(in the
| v, T ‘plane) the region I, in which thermodynamis equilibrium corres-
ponds to a single-phase systém, from ;'agioq 1I, in which the system
breaks up in thermodynamic eq.u.‘;.libr‘ium into two phases (liquid and

vapor).
f Golng over to an arbitrary point B on this line, We enter nearf
the latter into part of region II, which we aball call ragion Ila, -
In this regionv the single-phase gystem is unstable relative to the

formation of the new phase, which differs essentially in its proper-

|
|
i
‘,
tles from the initial phase Bj in Fig. 1, the second phase . |
thus prodused is rspresented by the point D. Ths occurrence of an %

i
essentially different new phase is connected, as is well known, with ;
the need of consuming surface energy; these considerations have led

Gibbs to the concept of the critical dimension of the nucleus of the |
i

new plmsg and to an explanation of the considerable stability of the

gingle-phass system near the boundary curve ABCDE. i'An} experimentel |
disturbance to super coolsd vapor or to super heated liquid is E
factually connected with such extranecus factors as the presence of ;
bontaminating dust particles, ions, eto. In the terminology of Gibbs, |
Ila iz the region of states which are stable under small changes in

bhe phase, but are unstable under the ocourrence of a new diffsrent

phage.
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Th The gecmetrical tratt.mnt!, ihe line ABCDE represents a
projection on the plane V, T of the line of interssction of two
surfeces of chamioal potentlsl., However, on each surface sepsrately, |
this line of intersection does not correspond to any singularity, ﬁ'omi;
uhich ve ses, i particular, the stability of the states uhich are '
close ;to the boundery line ABCDE, relative to small changes in the

phagse.

Near the critical polnt, in which the difference betwesn the
existing phases in equilibrium vanishes, there is a region 1IIb of
states uhich bave very re@hble gropertias. Thus, in the region I1ib
"'.; (%) onn >0
whereas: on the boundary of the region IIb, along the line FGCIK, and
in particular at the critical point C, we have

L (Z),=0

dulr

This regio’n. is already the region of states which are unsteble rela-
tive to emall changes in phase (Gibbs).

_ In region IDb, changes in the states, no matter how small, will
increase and will lead as & result into the separation of the system 4
into two phases. At the sams time, in region IIa, smell changes of

disappear
the state decrease, and “completely as in any stable state I. In

the reg'lon Ila the stratification takes place, as already indicated,
only after the formation of a nucleus, which the parameters that

obaracterize the state (specific entropy, specific volume) differ by




5 Fiaite saomt from TRIT. vii"md?th- Taltial state in B region |
of fiatte voluse. o

The mtability with:  respsst to small ohnngas 1n states,
in which el -
L : ‘ (’65)7>°’
fa diredtly cbvious, for the reduction in the voluse — compression —|

leads to a decreass in the pressure and a. further compression.

We consider below specifically the speed of stratification of

‘ a mun in atato Ib, oonfining our anutigatian to ths only enn

of physical .‘!.ntorut, that of states clou to the critictl po:l.nt.

2. The Héat Transfer Determines tho ggead of stratltication

A fact which is essential for the question under conuﬁu'auon
' at
is that ix the oritical point, where (dp/ )7 = conat Teverses its

| sten and passes through sero, the valus of (39/3%)g o gongs ox-

pcrienoo no eaacn'bial changes and remains mgat.tve.

‘Thus, an- adiabatio oonprusion of ccrtain oluonts of volume
and- the cxpanaion of others will lead to an increase in pressure in

the compressed parts of the volume and to a drop in pressure in the
expanding ones, and oconssquently, to & reverse equalisation of these
changes, relative to which the single-phase system is gtable even in

region IIb; The instability indicated in the end of the preceding
ssction for the states in region ITb pertains only to isothermal
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. proooauﬁ.“'ln isothermal change 1:: the atnto 5.‘5 ‘co;_x.noo)ﬁoé uith a
change in ths entropy, and conaeqmntly, rdqu.inq,hut_ exchange |
. between the expanding and compressing slements ;af the volume.

The process of stratification of a system into two phases in ) N
region IIb 1s thus connected with motion of ut..t.u; and with heat |
| “transfer. For a single-component mysten, the first process does not
require any molecular transport, and is realised by mclal mtionl of
nagses and is therefore quits rapid ocompared Qith the sscond process
- heat tra;nafer.'. (In the case of the oritical polnt for binary |
mixtures (for example, water-phencl), the appsarance of uhioh is '. ‘
connected with the separation of a homogeneous solution iato two
| phases of aifferent qompoaiti‘oﬂ, one can expsct that the limi'bing
factar will be, to-the contrary, not heat tranafer, but the process

of  ‘transfer of matter, realized by molecular diftusion.)
Therefore, in the process of disintegration of the states in reglon
IIb, one can consider the pressure to bs instantansously equalized |

in practice. Further caloulations of the heat transfer willinvolve
the specific heat at constant pressure, Ths instability of the system
relative to small changes in state is reflected in the singular

behavior of the specific heat. According to the relatlon

)
=y oo

the ohange in the sign of (Op/ b,")'.l" passing through sero; hpnd |
a change in the 8ign of Cp with transition through = 60 . It is

[




seen therefore that in the_ reglon .IIb’ thn spodiﬁcv heat Cp is negs-
tive, The ohange in the sign of the specifié heat in the squation of |
| heat conduction is formally equivalent to & obange in the sign of the
'| time; instead of ordinary exponentially decreasing solutions, des-
eribing the equalization of the temperature, we obtain cipomntial]s
increasing tanpérature ydifforcncea,‘ which lead ‘to a stratification
into two phasses with subaequent equalization of temperature after
the limiting line FGCIK ig reached.

©‘ The anplitude of the primary flustuation, the exponential _
grouth of which leads to stratification into two phases, will -ntoi‘
mt«; the expression for the time qf gtratification logarithmioal.'ly,
|.asa thatezore s of no impartance in the apjroxisation sdopted in gur |
| Let us expand ths free energy F, ths pressure p, and the thermo-!
dynaiic potential ¢ in powers of the distance to the oritical p;).i.ht ‘
(in verisbles V and T) about the critical point.

L

FeFy(T)— py(V— V) —a(T— T)(V— V) + ¢
- , (T =TV~ V. +d(V— V) - (2) A
L p=pra(T—T)—(V—V)[26(T—T)+4d(V— V)] e
' G == Fy4-pVy—b(T— TH(V— VP —3d(V— V)" @

In the V, T plane, the equation of the boundery line ABCDE is
jeternined from the conditions py = py and f = fl,. This ylelds

3 vt,*'_:.o‘ =+ b" !T'.z ; ! * ’ . (5)
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"o the contrar,y, for the line FOCIK, along which (Bp/Bv)

e have

T ®

(6)
Both Iines are parsbolas near the cuucqi point, tangent to each
other at the point C (Fig. 1). The specific heat is
C,=C+T, uu[":}z)b f‘/x;:(pt')l vg)z-'zb(rd.;irx'zaw w D
It actually goes %o + 90 on the line FGCIK and is negative near this
line in the region Ib. o |

3, Time of Stratiflcétion

An egtimate of the time of stratifieation, from a consideration
of ths aquation of hmat conduction

.
(’Cr-gi- = KAT (8)

( € = 1/V is the density and K is the coefficient of heat conduction)
requires the determination of the characteristlc dimension L i.e.,
thé gsometrio dimenaions of those regiona, on which the homogeneous

1nitial system is stratified. The sought time iz, in order of magni~
tude,

~ B1CH e __EJCY
A g
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The stratification is the faster, the farther avay we are from the

eritical point, where |Cp|—> 02 3 1t ia also the faster, the

. amallsr the critical dimension (. An estimafe of the minimum dimen-

sion [ requirés the ise of additlonal considerations.

We shall use the classical theory of capillarity near the

critical point. The law of variation of surface tension on the

boundary between liquid and vepor Xk near the oritical point
a=a(T,— T ' (10)

1g derived from this theory from ideas concerning the term in the

thermodynamic potential, dependent on the density gradieat. From

| symmetry considerations it follows that

$=0 (T, v)+n* (Vo). (11)

| It 1s obvious that the added term insures a continuous change.in

| state on the separation boundari of the two phases. Theeffect of

width of the separation boundary is determined from the condition

| of mintmom of thermodynamic potentisl of the system ¥ = f ¢ am

(integral over the entire mass of the substance M.

Everywhere, except on the separation boundary between the
two phases, V= Ty or V= V2 (see (5)); ¢ = p(Wy) = #(V2,7) = fo.
In a sm'faoe layer having a volume _().[ there is contained a mass

—Q“/vk; we Put therae _ . ¢(V n_,______ (V1+ V, T) ‘P(V T)‘* ,
=8+ (T,— "1 e @), G0 vV=L750 ,/W’-"’“? .

Denoting Y o = foi, we obtain
w—2,+ L[ 4(1,— I+ (- D) 12

et s o v e
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where -£2 is the total area of tqq:sgparation;boundary‘of the two
pbasas, From this we obtain ;; ; |

o o ZTT?"T‘T)’ | a-%”;:—!( Iri';’r)”- vz (T, Ty -y
By comparison of the obtained.limiting iaus (5}, (7) and (10) with .
the experimental data on surface t;;éiqh, specific volums, and .
specific heat nesr the critical péin@,;ﬂe ﬁtéain the coefficlients n,
b, sl d vhich are involved in the caleulation. The relaxation tims

of inﬁareat to s is

nt 2t Ty

R N
e = BB D=t V=TF . 4

Assume that we obtain a state in the region IIb by adisbatic
expansion of the gas such that the adiabat passes exactly ihrough

the oritical point, Here we have hear the critical point along the

adiabat
oo~ (T T) )
d (V- VP2 (T, T) _ (15)
and the stratification time of the system is
‘1:~(T‘ -~ Ty (16)

, \ ' |
4. Estinate of Order of Magnitude of the Stratificatlon Time
Accurate to numerical factors, let us express the coefficients
contained in (14) iq terms of the critical constants of the substance.

Ag can be seen from the dimensionali.ties

. - —— o i mEn -

1

!
!
o
i
!




‘ a—--f, b:'.* P’ n Jé‘&* - (17)

Furthermore, we put approxina‘bely

where © ol the sirfacs tension uith T <K N, Substituting (17)
and (18) 1n (14), ve get -

l c:ﬂ'———u,‘ m_ L 19)

For, vater in absclute units 6‘ 0 = 80, Tk = 600° K, p, = 2x 108
and K 10%, ue cbtain . .

It must be noted here that in the derivat.ton of (20) ve onttted
cvcryubarc the numerical factors which, upon acounulation, oan con-
siderably inorease f: If ve us;in the determination of a, b, and
d the expanaion of the Van der Waéia equation near the oritical
poin’é, we cbtain for formulas (19) and (20) a . =~ .- fastor .
226 x 373 & 2,000, |

& further refinement of the width [ and determination of the
time. T can yield additional numerical factors.
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5, Unattainable Statea

We hote that far inside the reglon IIb one can also imagine

states for which not cnly i.(‘zP/a‘V)T > 0, but also (dP/ 31’)8 > 0.

However, such states are not only unstable, but unattainable
at all. Actually, according to (1), on the very boundary of this
regi’on‘ the specific heat Cp 7ani.ah§s, and acoording to (9) the
gtratification tims also vanishes. Thus, as one penetrates deeper
into the region II, the time of sﬁ'atification becomss ghorter and
shorter and on the lins (RS the su'atifigation should occur prac-
t:lcaily instantaneocusly. |

In the case when the ginéla-—pbapé system is accurately des-
cribed by.the Van der Waals aquafioh of st;ate , the position of the
curve QRS was calculated in 1937, at owr s'u'ggastion, by student
A. S.Viglin of the Leningrad Industriel Institute., It was found that
the n'zihmumfR of the curve QRS ia located precisely under the | -

maximum of the boundary curve, i.s.,

1 . Vn}”—:Vlt: Tr=Tp .?"‘Rzn% (21)
Leningrad, Institute of Chemical Received by editor
Physics, Academy of Sciences 11 July 1940. -
USSR,
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